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THEORETICAL ANALYSIS AND MEASUREMENT OF SINGLE-PHASE PRESSURE
LOSSES AND HEAT TRANSFER FOR HELICAL FLOW IN A TUBE
by Martin U. Gutstein, George L. Converse*, and Jerry R. Peterson”

Lewis Research Center

SUMMARY

An analysis was conducted to provide a theoretical basis for predicting the pressure
losses and heat-transfer coefficients for flow in tubes containing helical-vane inserts
from corresponding plain-tube data. Conservation of both linear and angular momentum
was applied to a control volume, with solid-body rotation assumed. The analysis re-
sulted in a new equation for fully developed, helical-flow momentum pressure losses, an
equation for the frictional pressure losses in tubes containing helical-vane inserts, and a
new, theoretically based expression for the hydraulic diameter of tubes with helical in-
serts. Modified plain-tube expressions for the friction factor and Stanton-Prandtl modu-
lus for the helical-vane insert were obtained from the analysis.

Overall static-pressure losses and local heat-transfer zoefficients for air flowing in
a tube were determined for four different full-length helical-vane inserts. The pitch to
tube diameter ratios of the inserts were 0. 52, 0.75, 1.46, and 6.36. The tests were
conducted over a range of Reynolds numbers of at least 30><103 to 300><103. In addition,
pressure loss and heat-transfer data were obtained from a limited series of tests with a
helical vane-without-centerbody insert and two wire-wrapped plugs. These inserts rep-
resented geometrical extremes of the helical-vane insert.

Friction factors, Stanton-Prandtl moduli, and Reynolds numbers were computed
from the experimental data for the four helical-vane inserts. These were compared with
the modified plain-tube expressions obtained from the analysis. The comparison showed
that the friction factor and Stanton-Prandtl moduli data deviated from the corresponding
expressions by about +20 and +15 percent, respectively, suggesting the analysis to be
largely correct. Reasonable agreement between the experimental data for the helical
vane-without-centerbody and the wire-wrapped plugs and predictions was also obtained.

The analysis for pressure losses in helical-vane inserts was extended to the twisted-
tape insert. Data obtained from the literature were compared with plain-tube expres-
sions for friction factor and heat-transfer that were modified, in accordance with the
analysis, for the twisted tape. This comparison suggested that the gross performance
of the twisted tape can be predicted by the analysis.

*Nuclear Systems Programs, General Electric Co. , Cincinnati, Ohio.
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Figure 1. - Twisted tape, wire coil, and helica! vane inserts.

INTRODUCTION

The use of swirl-generating inserts has long been recognized as a means of increas-
ing the heat transfer to single-phase fluids flowing inside tubes. These inserts, such as
the twisted tape, the helical wire coil, and the helical vane (fig. 1) promote the heat
transfer by creating higher fluid velncities near the tube wall than would occur in linear
flow through a plain tube.

More recently, swirl-generating inserts have been employed inside the tubes of
liquid-metal boilers for space Rankine-cycle electric powerplants. Swirl inserts are
considered beneficial for use in these boilers since they develop within the fluid an ac-
celeration normal to the tube wall. This acceleration tends to separate the phases.

The liquid, the more dense phase, is generally forced to flow toward and along the tube
wall, thus delaying the onset of the dry-wall condition (refs. 1 and 2). Changes in boiler
performance due to variations of the gravitational environment are believed to be mini-
mized through the use of these inserts. Moreover, substantial reductions in the length
of the superheat (all vapor) regions of these boilers are made possible by these inserts
by the increase in the single-phase heat-transfer coefficients cited previously. The in-
serts (fig. 1) may be classified as thermally passive devices. They are fabricated to
slip into a tube with a small clearance such that the contact areas between the insert and
the tube wall are small and randomly located. The better heat-transfer performance ob-
served with swirl-generating inserts is therefore largely due to the rotational velocity



imparted to the fluid; the fin-conduction effect is generally small, hence the terr: ther-
mally passive.

A portion of most liquid- metal boilers is devoted to superheating the vapor, that
is, the process of forced-convection heat transfer to a single-phase fluid. To design
such boilers, correlations or methods to predict single-phase heat-transfer coefficients
and pressure losses in tubes with inserts are required (ref. 3). In addition, a better
knowledge of the single-phase performance of swirl inserts is considered important to
provide bases for evaluating, correlating, and understanding their two-phase perform-
ance. To an extent, this information is available for the twisted-tape and wire coil. For
example, references 4 to 9 report experimentally determined friction factors or heat-
transfer coefficients for tubes containing twisted tapes in the range of pitch to tube diam-
eter ratios of 3.6 to infinity. Reference 10 presents similar data for wire coils of pitch
to tube diameter ratios between 0. 046 and 5.3. References 4, 5, and 8 obtained corre-
lations of twisted-tape friction factors or heat-transfer coefficients.

Limitations to the twisted tape and wire coil are evident from the references just
cited. The twisted tape cannot be conveniently fabricated at pitch to tube diameter ra-
tios below about three without structurally failing the metal strip (refs. 4 and 5). The
heat-transfer performance of the wire coil decreases substantially at pitch-tube diam-
eter ratios below about 0.5 (ref. 10). This decrease has been attributed to a bypassing
of the heat-transfer surface by a portion of the fluid flowing in the insert.

The helical-vane insert, consisting typically of a single vane wrapped about and
permanently attached to a supporting rod or centerbody, has several advantages. In
a tube, this insert, in contradistinction to the twisted tape or wire coil, creates a single
helical flow passage that is both physically and mathematically well defined. Fluid mal-
distribution between the two flow passages formed in a tube by the twisted tape, as has
been observed by the authors, cannot occur with the helical vane. Substantial bypassing,
which is indicated by the heat-transfer data for the wire coil, likewise is not possible
for this insert; the bulk of the flow must follow the helical passage formed by the insert.
Consequently, more reliable predictions and extrapolations of the thermal and hydraulic
performance of the helical-vane insert can be expected.

In practical terms, the hollow centerbody of a helical vane insert provides a con-
venient location for instrumentation, such as thermocouples or pressure taps, that does
not disturb the flowing fluid. For application of inserts to fluids that are highly corro-
sive or reactive, such as the liquid metals, this feature is important. Simple techniques
are available that permit the fabrication of helical-vane inserts with pitch to tube diam-
eter ratios as small as 0.5 (ref. 11, e.g.), a characteristic which permits optimization
for any application. The centerbody structure is not required for the support of the vane.
In fact, helical-vane inserts have been made without centerbodies in which the vane ex-
tended either a portion of or the full tube radius. The two main disadvantages of the



helical-vane insert, on the other hand, include a more complex fabrication than either
the twisted tape or the wire coil and the possibly greater' mass of this insert compared
with the wire coil, both of which are reflected in higher cost. Finally, in applications
such as boilers, secondary flows created by the swirl causc some liquid to flow along the
insert structure. This effect is usually undesirable since the liquid on the insert by-
passes the tube wall. All the swirl-generating inserts discussed herein are subject to
this phenomenon.

Previous experimental studies of the helical-vane insert have been few. Refer-
ence 8 described the results of single-phase pressure loss and heat-transfer tests1
of three helical-vane inserts having pitch to tube diameter ratios of 0.56, 1. 12, and
2.24. Reference 1 measured the friction factors of three such inserts having pitch to
tube diameter ratios of 2 and 6. Reference 12 reported the results of analyses and ex-
periments of single- and two-phase (boiling) flow in helical-vane inserts. This refer-
ence also included a photographic study of two-phase flow in this insert configuration.
Because of the limited data available in the literature describing the single-phase per-
formance of the helical vane, an analytical and experimental investigation of this insert
was conducted. The analytical investigation was conducted to provide a theoretical basis
for predicting the pressure losses and heat-transfer coefficients for flow in tubes con-
taining helical-vane inserts from corresponding plain-tube data. The analysis assumed
solid-body rotation and employed conservation of linear and angular momentums. The
experimental investigation consisted of measuring the pressure losses and heat-transfer
coefficients of four different, full-length helical-vane inserts in a 2. 21 centimeter-
inner-diameter tube. These tests were conducted over a Reynolds number range of
about 30x103 to 3OO><103, with limited data obtained beyond this range. Friction factors
and Stanton-Prandtl moduli computed from the data were compared with plain-tube ex-
pressions modified, in accordance with the analysis, for the helical-vane insert. A
limited number of experimental data obtained with two insert geometries that were simi-
lar to the helical vane were also compared with the modified plain-tube expressions.
The analysis was extended to the twisted-tape insert. Selected data from the literature
for the twisted tape were compared with the predictions obtained from the analysis.

1Campbell, S. A.; Greene, N. D.; et al.: Sea Water Conversion Studies. Rep.
ERR-SD-024, Convair Division, General Dynamics Corp., Oct. 27, 1960. (Available
from DDC as AD-251720.)



ANALYSIS OF PRESSURE LOSSES IN TUBES CONTAINING
HELICAL-VANE INSERTS

An analysis was conducted to provide a theoretical basis for the prediction of pres-
sure losses in tubes containing helical vane inserts. Definitions of symbols used in the
equations are given in appendix A. The details of this analysis are presented in appen-
dix B. The following paragraphs outline the approach taken and discuss the results
which were obtained.

The fluid which passes through a tube into which a helical vane has been placed was
assumed to rotate around the tube axis with a constant angular speed, that is, solid-
body rotation. (The validity of this assumption has been experimentally demonstrated
for twisted tapes by the authors of ref. 4) A further assumption was that helical stream-
lines within this fluid are parallel to the vane of the insert (i.e., secondary flows are
neglected). Consequently, the analysis was predicated on fully developed, steady flow.
By virtue of these assumptions, the fluid helical velocity Vh was resolved into an axial
component V, and a tangential velocity V, as shown in figure 2. The axial velocity
was obtained from continuity. The tangential and helical velocities were related to the

Figure 2. - Resolution of fluid helical velocity into axial and tangential components.




axial velocity by the geometry of the insert and both were functions of the radial dis-
placement from the tube centerline. The equations relating Vz’ Vg, and Vh are

v, = Aﬂcp (1)

v, = <2;—;I>VZ - C—z)VZ (2)

v, - [¥2 + (inr)zjl/z v, 4= GD)VZ (3)
v, = (Vs Vg>1/2 (4)

The cross-sectional area for flow AC required for calculation of the axial velocity is

given by

r

w
l
2 2 h
Ac =7 (rw - rcb) - t<—l Z>dr (5)

Teb

The maximum helical velocity occurs at the tube radius r, as shown in the following

equation:

/2
2, 9 1271
[P ey’ v, =<i‘_”>vz ©

h,w
Y lz

Using the preceding expressions for the velocity distribution within a tube containing a
helical-vane insert, conservation of linear and angular momentums was applied to a
control volume of the fluid. The two equations that were obtaine”’ were solved for a
single expression for the pressure loss across an axial increment of a tube containing a
helical-vane insert. This equation consisted of separable momentum and frictional
pressure-loss terms. The momentum pressure-loss term, as derived f. om this anal-

ysis, was

6
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And the frictional pressure-loss term was

S
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APf,h=fh—z< ?W> P2 (8)
Dh z

By assuming the equality of friction factors at the tube wall, insert vane, and center-

body, the hydraulic diameter was derived as

4A
D, = (9)
h r
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The terms Py, and P.,, were the wetted perimeters of the tube wall and centerbody,
respectively. Equation (8), defining the helical-vane-insert friction factor, may be re-
written by substitution of equation (6). This alternate expression is shown below after

Teb

rearrangement:

<Z h, W) 5 Vlzl, w

Dy 2

Equation (10) evaluates the friction factor employing both the maximum helical velocity,
which occurs near the tube wall, and the maximum helical path length. Moreover, the
equivalent hydraulic diameter used in equation (10) differs from the conventional expres-
sion in that the wetted perimeters of the tube wall, vane, and centerbody surfaces are

weighted in accordance with the fluid helical velocities adjacent to these surfaces. The
form of equation (10), however, is identical to the usual expression for friction factor in

f (10)

h:




a plain tube. Consequently, by analogy, the Reynolds number for flow in a tube with a
helical-vane insert was defined as

— l _

- v p\_ v _hwp

Rey, = (thh,w:>' (thz P :) (11)

i r
VA

Equations (10) and (11) imply that helical-vane-insert friction factors might be correlated

by a conventional expression for friction factors (e. g., f0 =0.184 Re;O' 2) in which the

helical parameters of fh and Reh are substituted for those of the plain tube.
Reference 5 attempted to correlate twisted-tape friction factors in accordance with

the equation

APt
£, = (12)

t- =2
<Z h, w> B Vh, w
De 2

Reference 12 likewise employed a form of equation (12) to correlate twisted-tape and
helical-vane friction factors. With the exception of the diameter term, equation (12) is
identical with equation (10) which was derived from conservation of momentum. Conse-
quently, the use of an equation having the form of equation (12) is given a theoretical
basis by the analysis presented herein. Reference 5 assumed an equivalent diameter for
use in equation (12) calculated from the conventional hydraulic diameter, that is, four
times the ratio of the flow cross-sectional area perpendicular to the tube axis divided
by the total wetted perimeter. References 6 and 12 assumed an equivalent diameter
based on the mean flow area normal to the helical streamlines and the corresponding
mean perimeter. Equation (9), which presents the hydraulic diameter for helical-flow
inserts, is not an assumed equation, but a quantity derived from the same conservation
analysis used to obtain the momentum and frictional pressure losses (eqs. (7) and (8)).

For the inserts of this investigation, the theoretically based equivalent diameters were
as much as 20 percent larger than those computed from the conventional definition of

hydraulic diameter.

EXPERIMENTAL APPARATUS

The apparatus used in the experiments is shown schematically in figure 3. Air from
the supply flowed through a pressure regulator, a standard ASME metering orifice, an
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Figure 3. - Schematic diagram of test apparatus.

air-control valve, and a flow straightener before entering the test section. The length
of straight tubing between the flow straightening vanes and the upstream pressure tap
was 97 centimeters. Orifice pressure differences were determined by a 1. 52-meter
water manometer subdivided to 0. 25 centimeter. Orifice inlet pressures were meas-
ured with a calibrated Bourdon tube gage subdivided to 1. 27 centimeters of Hg. Several
different metering orifice plates having orifice diameters ranging from 0. 19 to 2. 03
centimeters were employed to cover the desired flow rate range.

Figure 4 is a schematic of the test section. The test section was constructed from
a 1. 96-meter length of 2. 54-centimeter outside-diameter stainless steel (AISI 316)
tubing having a wall thickness of 1.65 millimeters. The inside diameter of the tube was
measured to a depth of about 13 centimeters at the inlet and exit using an internal mi-
crometer. The tube inside diameter was determined in this manner as 2. 210+0. 003
centimeters. Because the measurements were made only at the ends of the test sec-
tion, the uncertainty in tube diameter was estimated as +0. 005 centimeter. Two pres-
sure taps were positioned 1. 118+0. 003 meters apart with the downstream tap located
12.7 centimeters from the end of the test section. The inserts tested extended typically
over a 1. 83-meter length of the test section thereby providing 58. 5 centimeters of flow
development length before the upstream pressure tap. The pressure taps were con-
structed by welding 0. 64-centimeter outside-diameter tubing to the test section over
0. 076-centimeter-diameter pressure tap holes. The inside of the test section was care-
fully polished in the vicinity of the taps to insure the absence of burrs.



/—Inlet pres- Outlet pres-
sure tap sure tap—7

g =
30'54—155'9 '\ 5.1
r>A 45.7 5'1 000 OO0 0 0 00O 0 000 NeD mr_h—_‘lz.T

),
Flow =%- - —_ — . = H\ ¢
- .\\\ L) — 7,
e e L\ Outlet
= i CUUOCU0O00C00CUU O 0 00000 e
L. a ‘-Inlet-air thermo- \ orifice

couple station \\
—— Heated zone

thermocouple
stations

47l3 rad

View A-A

Figure 4. - Schematic of test section. Tube outer diameter, 2.54 centimeters; tube wall thickness, 1.65 centi-
meters; distance between inlet straightening vanes and inlet pressure tap, 97 centimeters.

A T6-centimeter water manometer and a 2. 54-meter mercury manometer, both sub-
divided to 0. 25 centimeter, were used to measure test section pressure loss. A valving
arrangement was provided to shut off the water manometer when its range was exceeded.
Differentials as low as 5 centimeters were recorded, but the readings were generally
above 25 centimeters. Test-section exit pressure was measured with a 76-centimeter
mercury manometer also subdivided to 0. 25 centimeter. For some of the tests, orifices
having diameters between 0. 5 and 2. C centimeters were placed at the outlet end of the
test section. The purpose of these outlet orifices was to operate the test section at rel-
atively high average pressure levels. This kept the momentum pressure losses small
relative to the frictional losses.

The test section was heated over a 1.016+0. 003-meter length located symmetrically
between the pressure taps. This was accomplished by wrapping the stainless steel tube
with 15. 25 meters of 0. 25-centimeter-diameter sheathed heating wire. This heating
wire was held in place by strips of metal foil that were tack-welded to the tube wall., The
turns of the heating wire were uniformly spaced 0. 64 centimeter apart except for six
turns at each end where the spacing was halved to minimize temperature gradients due
to axial heat-conduction losses. Assembly of the test section was completed by applica-
tion of a 0, 64-centimeter-thick layer of high conductivity, graphite-base refractory ce-
ment to embed the heating wires followed by 2 5. 1-centimeter-thick layer of thermal
insulation. Electrical power inputs of up to 4 kilowatts were attained with this arrange-
ment, corresponding to heat fluxes of up to 56 700 watts per square meter. Figure 5 is
a photograph of the test section prior to application of the refractory cement.

10
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Four thermocouple stations were provided on the test section: one to determine
inlet-air temperature and three to measure local wall temperature in the heated zone.
Each station consisted of three Chromel-Alumel thermocouples that were tack-welded
to the tube wall and positioned uniformly around the tube circumference. The thermo-
couple leads were wrapped around the tube three times before penetrating the thermal
insulation in order to avoid lead conduction error. Both the thermocouple junctions and
the leads wrapped around the tube were embedded in refractory cement in the heated
zone. The inlet-air thermocouple station was located 51 centimeters upstream of the
start of the heated zone to avoid errors due to axial conduction along the tube wall and
was thermally insulated. The three heated-zone thermocouple stations were located
equidistant from each other and from the ends of the heated zone. Each thermocouple
was provided with an individual ice-bath reference junction.

11



Initially, a series of tests was conducted with the test section without an insert.
These plain-tube tests consisted of the measurement of nonadiabatic pressure losses
and heat-transfer coefficients and had the purpose of assuring the accuracy of the instru-
mentation and data reduction procedures, Subsequently, pressure-loss and heat-transfer
tests were conducted with the test section containing helical-vane inserts. The insert
pressure losses were measured both with and without heat addition to the test section.
Four full-length helical-vane inserts having pitch to tube diameter ratios Y/DW of
0.52, 0.75, 1.46, and 6. 36 were tested. The inserts having Y/DW of 0.52, 0.75, and
1. 46 were machined out of brass. The Y/DW = 6. 36 insert was fabricated by stretching
out split stainless-steel washers along the centerbody and welding the washers together
and to the centerbody. The nominal diameter of the centerbody of these inserts was
0. 6 centimeter, and the vane thicknesses ranged between 0. 086 and 0. 185 centimeter.
The maximum radial clearance between the outer edge of the helical vanes and the tube
wall was determined to be 0. 0075 centimeter. Based on the largest pressure gradient
employed in the tests, it was estimated that only about 1 percent of the total flow could
pass through this maximum clearance gap between the insert and tube wall. Table I
presents the average pitch (axial distance traversed for a 360° revolution of the vane),
centerbody diameter, vane thickness, and the standard deviation of these dimensions
calculated from the measurements for the four inserts that were tested. Table I also
includes the values of D, computed from equation (9) for the four inserts and the ratio
of Dy to the conventional hydraulic diameter De (defined as four times the flow cross-
sectional area divided by the wetted perimeter).

EXPERIMENTAL PROCEDURES AND ERROR ANALYSIS

Before the start of testing, test-section heat losses were experimentally measured.
Both ends of the tube were plugged, and the wall temperature was measured as a func-
tion of the power input. This information was then used to correct subsequent data for
heat losses. An additional correction was made for the losses from the test-section
heating wire to the power-cable connections. The largest heat-loss correction was
100 watts, and the correction for losses from the heating wire not in contact with the
test section was about 4 percent of the input power.

All test-section thermocouples were intercalibrated in place before testing. Cali-
brations were obtained at ambient temperature and at about 373 K by flowing both air
and saturated steam through the apparatus at low velocity. The calibration data showed
the thermocouples to agree among themselves and with standard conversion tables within
a maximum error of 0.3 K. This error was accepted; the thermocouples were used
without correction thereafter.

12



The procedures employed to take experimental data were designed to maximize ac-
curacies. Thus, the data were obtained as a function of air flow rate, proceeding from
low flow rates to high. Data were overlapped when the metering orifice plates were
changed, that is, whenever the orifice pressure differential fell below 25 centimeters
of water. Accuracy in the measurement of heat-transfer coefficients is attained in
the apparatus by maintaining a relatively large tube-wall- to bulk-air-temperature dif-
ference. Likewise, since bulk-air temperatures at locations corresponding to the wall
thermocouple stations were calculated from a heat balance, accuracy is also achieved by
minimizing the temperature change of the air flowing through the test section. Conse-
quently, test section power was adjusted to maintain the tube-wall- to bulk-air-
temperature difference generally above 38 K and always above 14 K, and the bulk-air
temperature rise was generally kept below 56 K. Data were recorded when thermal
equilibrium was attained as indicated by the constancy of test-section wall thermocou-
ples. The approach to equilibrium required 1 to 2 hours. Air flow rates were calculated
from the standard orifice equation using a compressibility factor of 1. 0 and an orifice
discharge coefficient of 0. 61. The maximum orifice pressure differential was 0. 15><105
newtons per square meter as compared with an orifice upstream pressure of 7><105 new-
tons per square meter, thus eliminating compressibility as a consideration. The orifice
Reynolds number was always in the range where the discharge coefficient is relatively
constant. The accuracy of the flow measurement, therefore, is estimated at 2 percent
(based on ref. 13).

Bulk-air temperatures at test-section locations corresponding to the three wall
thermocouple stations were calculated by a heat balance that assumed uniform heat addi-
tion as follows: The inlet-air station thermocouples were assumed to measure adiabatic
wall temperatures. The three thermocouple readings were averaged and converted to a
total temperature using the air velocity at this station and a recovery factor of 0. 85
(ref. 14). The change in total temperature of the air was then calculated from the heat
input and the air flow rate and was added to the inlet total temperature. This total tem-
perature was then converted to an adiabatic wall temperature using the local air velocity
and the same value of the recovery factor. These corrections were very small except
at the highest flow rates. The bulk air properties, including density, viscosity, and
thermal conductivity, were evaluated at the local static temperature, which was calcu-
lated from the corresponding local total temperature.

The thermocouple stations in the heated zone were assumed to measure the outer
wall temperature of the test section. At any one thermocouple station, the temperature
readings between thermocouples differed typically by about 8 K, corresponding to an ap-
proximately 15-percent circumferential variation in heat-transfer coefficient. This
variation in the coefficient appeared to be real. The three thermocouple readings at
each station were therefore averaged, and this average temperature was employed to

13



calculate the inner wall temperature using a standard equation for the radial conduction
of heat in hollow cylinders. The heat flux, required for the calculation of the inner wall
temperature, was obtained by dividing the net power input by the heat-transfer area of
the 1.016-meter-long heated zone, based on the inner diameter of the tube. The maxi-~
mum temperature difference between the outer and inner walls of the tube computed in
this manner was 5.5 K.

Heat-transfer coefficients determined at the first thermocouple station within the
heated zone during tests with the plain tube (tube without an insert) were approximately
10 percent larger than those measured at the two other stations. This suggested the
possibility of an entrance effect on the heat-transfer coefficients at this station. Conse-
quently, the heat-transfer coefficients reported herein are based on measurements made
at the central wall thermocouple station within the heated zone of the test section.

An error analysis was performed in order to determine the accuracies to be ex-
pected from the experiment. It was assumed for this analysis that the air flow rate
calculated from the standard orifice had an accuracy of 2 percent, that individual tem-
perature measurements were accurate to 0. 6 K based on the calibration data, and that
manometers could be read to 1/2 of the smallest division or 0. 125 centimeter. The cor-
rected power reading was assumed to have an accuracy of 1—% percent, based on the watt-
meter full-scale accuracy of 0. 75 percent. The various basic errors were assumed to
be independent and the method of reference 15 was employed to estimate the error of the
pressure-loss and heat-transfer-coefficient determinations for an average case. The

results are

Calculated error in pressure loss measurement, percent . . . . . . . .. ... ... 0.5
Calculated error in heat-transfer coefficient, percent . . . . . . . . ... ... .. 2.0

Further error is introduced when the pressure loss data are reduced to the frictional and
momentum pressure losses and then converted into friction factors. Likewise, addi-
tional error arises from the conversion of the heat-transfer coefficients to the Stanton-
Prandtl moduli. The test-section tube diameter enters as the fifth power in calculation
of the friction factor and as the second power in calculation of the Stanton-Prandtl modu-
lus. Assuming the 0. 005 centimeter uncertainty in tube diameter discussed earlier, the

estimated errors are as follows:

Calculated friction factor error, percent . . . . . . . . . . . . ... .00 ... 4.2
Calculated Stanton-Prandtl modulus error, percent . . . . . . . .« .. .« ... 2.9
Calculated Reynolds number error, percent . . . . . . . v v . v v v v v v v e oo 2.0

14



Table II presents the estimated combined probable errors in the helical parameters of
friction factor, Stanton number, and Reynolds number that arise from instrument inac-
curacies and variations in the physical dimensions of the inserts tested. A large portion
of the probable errors shown in this table are due to the variability of insert pitch with
length which occurred during fabrication. This effect is especially true of the insert
having the largest pitch to tube diameter ratio.

EXPERIMENTAL RESULTS

Figure 6 is a plot of the measured overall static-pressure loss as a function of air
flow rate for the plain tube and for the same tube with the four helical-vane inserts.
(The helical-vane-insert data were taken under adiabatic conditions.) The lines drawn
through the data for the inserts tend to decrease in slope at the larger flow rates. This
effect was due to the increase in air density with increased flow rate. A plot of the
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20 .
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Figure 6. - Measured overall static-pressure loss for four helical-vane inserts
and the plain tube.
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Figure 7. - Measured heat-transfer coefficient for four helical-vane inserts and the plain
tube.

measured heat-transfer coefficients as a function of air flow rate for the same tube and
inserts is shown in figure 7. Figures 6 and 7 illustrate that the pressure losses and
heat-transfer coefficients increase with increased mass flow rate. Decreasing the in-
sert pitch to tube diameter ratio Y/DW results in substantial increases of the heat-
transfer coefficient and the pressure loss. For example, the helical-vane insert with a
pitch to tube diameter ratio of 0. 52 developed heat-transfer coefficients that were ap-
proximately 3. 8 times those of the Y/DW = 6. 36 insert. However, the corresponding
overall static-pressure losses increased by a factor of about 60. Table III presents the
experimental data obtained in this investigation.

DISCUSSION OF RESULTS
Frictional Pressure Losses and Heat Transfer in the Plain Tube

To validate the experimental techniques employed in the investigation, friction fac-
tors fo and Stanton-Prandtl moduli JO were computed from the plain tube data pre-
sented in figures 6 and 7. Conventional equations were employed in computing fo and
J o

The plain-tube friction factors are shown plotted against Reynolds number in fig-
ure 8(a). The following correlation of friction factors for smooth tubes (ref. 16) is
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Figure 8. - Comparison of plain-tube experimental data with correlations.

shown plotted in the same figure for comparison.

o 0.2
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(0]

R
In the range of Reynolds numbers of about 30><103 to 300><103, the friction factor data of
figure 8(a) fall approximately 10 percent below the line corresponding to equation (13).

The Stanton-Prandtl moduli computed from the data are compared in figure 8(b) with the
following equation for heat transfer in plain tubes (ref. 16):

3, = (st )(@r)" O = 0. 023(Re ) 0 2 (14)

The experimental values of J o in figure 8(b), likewise, fall about 10 percent below the
correlating equation. The agreement of the f o and J o data and the lack of internal
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scatter show the measurements and data reduction procedures to be adequately accurate

and precise.
Correlation of Experimental Pressure-Loss Data for Tubes

Containing Helical-Vane Inserts

The experimental overall static-pressure losses shown in figure 6 and the pressure-
loss data obtained with heat addition were reduced in accordance with the equations de-
rived from the analysis. Specifically, equation (7) was used to calculate the momentum
pressure losses that cccurred in the insert test sections. The momentum pressure
losses were subtracted from the overall static-pressure losses to yield the frictional
pressure losses APf hr An indication of the typical magnitudes of the computed mo-
mentum losses as a fract1on of the frictional pressure losses can be seen in figure 9
for the tube containing the 1. 46-pitch-to-tube-diameter-ratio insert. Both adiabatic
and heat addition runs are shown plotted in this figure. The maximum value of the ratio
APm, h/APf, L was 0. 35, which occurred with heat addition to the test section.

Friction factors and corresponding Reynolds numbers were computed from the data
by application of equations (10) and (11). Figure 10 is a plot of the data so reduced for

—
[=]
[=]

I]lllll‘

<& Adiabatic tests
O Heat addition tests

l

2 L gl Lo
104 10° 100
Reynolds number, Rey, dimensionless

Ratio of momentum to frictional pressure loss, AP /AP 1, dimensiontess

Figure 9, - Typical magnitude of momentum pressure losses. Insert pitch
to tube diameter ratio, 1.46.
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Figure 10. - Comparison of helical-vane-insert friction factors with corre-
lating equation.
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the four helical-vane inserts that were tested. Equation (13), modified for the helical-
vane insert, may be written as

_0.184 (15)

0.2
Reh

fh

Equation (15) is plotted as a line in figure 10. The friction factor data shown in this fig-
ure appear to exhibit a trend with Reynolds number somewhat different from that of
equation (15); that is, an average line drawn through the data would decrease rapidly at
low Reynolds numbers and level off or increase slightly at the higher Reynolds numbers.
This characteristic is believed to be real, but its explanation is unknown. In the range
of Reynolds numbers of 30x10% to 300x10°, of the more than 130 data points shown in
figure 10, only about 10 percent deviated more than +20 percent from the line corre-
sponding to equation (15). This agreement suggests that the assumption of solid-body
rotation, as made in the analysis presented herein, is largely correct. Secondary flows,
known to occur in fluids passing through swirl-generating inserts such as twisted tapes,
are not accounted for in the analysis. The deviations of the friction factor data from the
correlation, as described previously and shown in figure 10, may therefore be due in
part to this phenomenon.

Correlation of Experimental Heat-Transfer Coefficients for

Tubes Containing Helical-Vane Inserts

The measured heat-transfer coefficients and the flow rates of air were reduced to
Stanton-Prandtl moduli and Reynolds numbers modified for helical flow. These param-

eters were defined as follows:

C u\""
Jh=SthPrO'6= h (p) (16)
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Figure 11. - Comparison of helical-vane-insert Stanton-Prandtl moduli with
correlating equation,
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It should be noted that equation (17) differs from equation (11) in that local rather than
average physical properties of the fluid are employed. Likewise, equation (16) employs
local fluid properties. The use of local properties is appropriate since circumferential
average heat-transfer coefficients at a single axial station were determined.

Figure 11 presents the experimental values of Jh as a function of Reh for the four
helical vane inserts. The following equation is shown plotted in the same figure:

Reh =

3, = 0.023(Re,) ™0 2 (18)

The selection of equation (18) for comparison with the experimental heat-transfer data,
including the use of the hydraulic diameter Dy given by equation (9), which is implicit
in equation (18), was justified by the Colburn analogy (ref. 17) and the success in cor-
relating the helical-vane-insert friction factors. This analogy asserts the similarity of
thermal and hydraulic boundary layers thus providing a basis for predicting heat trans-
fer from hydraulic phenomena.

In general, the Stanton-Prandt]l modulus data presented in figure 11 seem to exhibit
a trend with Reynolds number similar to that of the friction factor data of figure 10: a
line through the data would tend to reach a minimum or even increase at the higher Rey-
nolds numbers. As with the friction factors, the causes of this effect are unknown.
Nevertheless, of the 56 data points in the range of Reynolds numbers between 30><103 and
3OO><103, only about 5 percent deviated more than +15 percent from equation (18). Fig-
ure 11, therefore, indicates that the momentum analysis can reasonably predict heat-
transfer coefficients for flow inside tubes containing helical-vane inserts.

Application of equation (18) is limited to passive helical-vane inserts of the type
reported herein. For helical inserts in which the vane makes good thermal contact with
the tube wall, an appropriate expression accounting for the fin conduction effect must be
formulated.

COMPARISONS WITH AXIAL FLOW MODEL

Previous investigators have frequently reported experimentally determined fric-
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tion factors and heat-transfer data of swirl-generating inserts on the basis of an axial
flow model. In this model, the friction factor, Reynolds number, and Stanton-Prandtl
modulus are defined as follows:

AP
f=— 0D (19)
L, Y,
Dw
D V p
n

C u 0.6
JA=< h ZXL) (21)
CppV k

Values of fA and JA as a function of Re, for tubes containing helical-vane inserts
have been reported, as indicated in the INTRODUCTION to this report, in references

8 and 1. In particular, reference 8 presented lines corresponding to the best fit of
axial friction factors (measured by Greene) for helical-vane inserts having pitch to tube

diameter ratios of 0.56, 1.12, and 2, 24 contained in a 2.26-centimeter-diameter
tube. This reference also presented heat-transfer data for the same inserts in a form
corresponding to JA/JO. Figure 12 reproduces the lines of reference 8 with the excep-
tion that the insert friction factors fA were normalized by the authors of this report to
plain tube values f_ using equation (13). Figure 12(a) also contains f, data obtained
by reference 1 (and subsequently normalized to fo) for two helical-vane inserts having
pitch to tube diameter ratios of 2.0 and 6.0 and contained inside a 2. 34-centimeter-
diameter tube. Figure 12 indicates that f A and J A are strongly dependent on the
pitch to tube diameter ratio and vary somewhat with Reynolds number ReA.

Equations (15) and (18), inferred from the analysis of this report and used to corre-

late the helical parameters of fh and J,, were modified to predict the ratios fA/fo

h’
and JA/Jo' The derivation of the equations to predict the normalized friction factors

and Stanton-Prandtl moduli is presented in appendix C; the results are
1.2 2.8
‘a_ <D_W> (lh, W) (22)
fo Dh l z
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:Té = (D_W> (l h, W) (23)

J0 Dh L Z
Equations (22) and (23), which are independent of Reynolds number, are plotted as a
function of pitch to tube diameter ratio in figure 13, using values of Dw and ch/DW of
the inserts of this report. In addition, plotted on these figures are the range of fA/fO
and JA/J0 of figure 12 and the ranges of the same parameters for the four helical-vane
inserts reported herein. (Ref. 18 presents a graph of fA as a function of Rep for the
inserts of this study.) Figure 13 suggests that the gross trends of fA/f0 and JA/Jo’
as predicted by equations (22) and (23), are confirmed by the data. Moreover, most of

the data used fo prepare these figures appear to fall within about +20 percent of the pre-
dicted lines. The maximum deviation of the normalized friction factors, occurring with

the Y/DW = 1. 12 insert, is about +60 percent. The maximum deviation of the normal-
ized Stanton-Prandtl moduli data from the predicted curve is +75 percent occurring with
the Y/DW = 2. 24 insert. All the normalized friction-factor and Stanton-Prandtl moduli
data exhibit variations with Reynolds number. In general, the deviations from the pre-
dicted curves may be due to secondary flows, fin conduction, surface roughness, or
combinations of these effects.

Figure 13 provides a summary of the heat-transfer enhancement and frictional
pressure-loss penalty associated with the use of helical-vane inserts. Moreover, graphs
of the type shown in these figures can be used to facilitate the evaluation of these inserts
for particular applications. Thus, the designer need only compute the values of fo and
J0 for his application and multiply these by corresponding ratios, shown, for example,
in the figures, to obtain an estimate of the performance of the helical-vane insert. Mo-
mentum pressure losses, entrance- and exit-pressure losses, and entrance effects on
heat-transfer coefficients would have to be considered as well in a detailed design.

APPLICATION TO INSERTS OF SIMILAR GEOMETRY

A limited amount of testing was conducted with swirl-generating inserts having
geometrical similarity to the helical-vane insert. These inserts were a helical vane-
without-centerbody and a wire-wrapped plug. The plug insert consists of a relatively
large centerbody around which a single helical wire is wrapped. Sketches of both of
these inserts are shown in figure 14. The data obtained from these experiments were
reduced using the equations derived for the helical-vane insert. The resultant friction
factors and Stanton-Prandtl moduli were compared with the corresponding correlating
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Figure 14. - Insert geometries similar to helical-vane insert.

expressions. A discussion of these experiments and the results obtained is presented
in this section.

Pressure-loss and heat-transfer tests were conducted with a Y/DW = 1. 75 helical
vane-without-centerbody insert. The vane of this insert extended from the tube wall to
the tube axis. The tests were conducted with the same equipment and procedures pre-
viously described.

Pressure-loss tests were conducted with two different wire-wrapped plugs
(Y/DW ~ 2.9 and 2.7). The centerbody-diameter to tube-diameter ratios ch/Dw of
these plugs were about 0. 60 and 0. 86, respectively. The pressure-loss tests of the
plugs were conducted in a different apparatus. However, the flow circuitry and test
equipment was similar to the apparatus previously described with the exception that
heat addition was not possible. Thus, the pressure loss tests of the wire-wrapped plugs
were conducted under adiabatic conditions. The tube into which the plugs were placed
was a smooth, plastic pipe having an inner diameter of 2. 22+0.01 centimeter. The test
fluid was air. The plug inserts extended approximately 60 centimeters upstream of the
inlet pressure tap providing a flow development length. Table IV presents the physical
dimensions of the helical vane-without-centerbody and the wire-wrapped plugs as well
as the standard deviations calculated from these measured dimensions.

The measured overall static-pressure losses and the measured heat-transfer coef-
ficients of the helical vane-without-centerbody insert were reduced in accordance with
equations (7) to (11), (16), and (17) with the centerbody diameter ch equal to zero.
Friction factors and Stanton-Prandtl moduli for this insert are shown in figure 15.

In addition, the correlating expressions, equations (15) and (18), are plotted on the
individual figures. The experimental friction factor and Stanton-Prandtl modulus data
both exhibit a trend with respect to Reynolds number that is similar to that described
previously for the fh and Jh data of the helical-vane inserts (figs. 10 and 11). The
maximum deviation of the friction factor data from the correlating expression is about
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Figure 15, - Frictional pressure losses and heat transfer in tube with helical
vane without centerbody insert. Insert pitch to tube diameter ratio, 1.75.

25 percent. The heat-transfer data for this insert configuration deviate a maximum of
about 10 percent.

The pressure-loss data obtained with the wire-wrapped plugs were reduced in ac-
cordance with equations (7) to (11) modified, however, as follows. The wires were as-
sumed rectangular in cross section rather than circular. The height of each rectangle
was taken equal to the wire diameter and the width adjusted to yield equal cross-
sectional area. The friction factors computed from the pressure-loss data are plotted
in figure 16. Equation (15) is likewise plotted in this figure. For the Y/DW = 2.9 wire-
wrapped plug, the friction factors are all smaller in magnitude than predicted by equa-
tion (15), with the deviations increasing with increased Reynolds number. The maximum
deviation of the data is about 30 percent.

The helical vane-without-centerbody and the wire-wrapped plugs may be considered
as geometrical extremes of the helical-vane insert. As such, the data obtained from the
experiments conducted with these inserts serve as a further test of the analysis pre-
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Figure 16. - Friction factors for wire-wrapped plugs.

sented in this report. The general agreement of the data with the correlations tends to
support the applicability of the analysis to this class of insert.

APPLICATION TO TWISTED TAPES

The twisted tape is a swirl-generating insert that has been frequently studied and
reported (ref. 9). Geometrically, it is equivalent to a double helical vane-without-
centerbody insert. Consequently, twisted-tape experimental data may be expected to
correlate as did the helical vane insert data. A discussion is presented in the following
paragraphs of the comparison made of a limited amount of twisted-tape friction factor
and heat-transfer data obtained from the literature with the expressions employed for
the helical-vane insert.

Because of the geometrical similarity, the analysis of pressure losses in helical-
vane inserts could be extended as shown in appendix D to the twisted tape. The results
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of this extension were comparable to those described previously for the helical-vane in-
sert. Therefore, the expressions for friction factor and heat transfer (egs. (15) and
(18), respectively), modified for the geometry of the twisted tape, would be expected to
correlate experimental data. The authors of this report, however, did not conduct tests
with the twisted-tape insert. Instead, the data of references 4 and 7 were employed for
comparison.

References 4 and 7 present experimentally determined twisted-tape friction factors
and corresponding Reynolds numbers. These friction factors and Reynolds numbers
were defined by the cited references on the basis of an axial-flow model siimilar to that
for the helical-vane insert. A composite plot of the data of these references is presented
in figure 17. Equation (13) is likewise shown for comparison. Figure 17 indicates that
twisted-tape (axial) friction factors increase substantially with decreasing Y/Dw’

The data of figure 17 were reduced to the friction factors f; and Reynolds numbers
Ret as defined from the analysis of appendix D. (The equations employed to reduce
these data are shown in appendix E.) The reduced data were then plotted as shown in
figure 18. In addition, the following equation is shown as a curve in the same figure:

_0.184
0.2
€t

f

; (24)

R

The reduced friction factor data fall in a band above the line corresponding to equa-
tion (24). An average line drawn through the data would deviate from the correlating
equation by approximately +20 percent for Reynolds number in excess of 104.

Reference 4 presents experimental Nusselt number and Reynolds number data for
twisted tapes (as obtained by R. Kochz). These data were converted to axial Stanton-
Prandtl moduli JA as shown in appendix E. Figure 19 presents a plot of the converted
Jp data of reference 4 as a function of axial Reynolds number. Equation (14), the cor-
relation of heat transfer in a plain tube, is shown on this figure for comparison.

The data of figure 19 were reduced to Stanton-Prandtl moduli Jt and Reynolds num-
bers Re, as defined by appendix D. These reduced data are plotted in figure 20 along
with the correlating expression shown in the equation

3, = 0.023(Re,) "0+ 2 (25)

zKoch, R.: Druckverlust und Warmeiibergang bei verwirbelter Strémung. VDI -
Forschungsheft, Series B, vol. 24, no. 469, 1958, pp. 1-41.
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Figure 20. - Comparison of twisted-tape Stanton-Prandtl moduli from reference 4 with correlating equation.

Again, the data fall in a band which lies above the line corresponding to equation (25).
An average line through the data would deviate by as much as +15 percent from a plot of
equation (25) for Reynolds numbers above 104,

The following are possible explanations for the deviation of the twisted-tape friction
factor and heat-transfer data from equations (24) and (25). The investigators may not
have employed an adequate momentum pressure-loss correction to their measured over-
all pressure losses. The inserts may have made good thermal contact with the tube
wall; consequently, the data of figure 19 may include a fin conduction effect not accounted
for by equation (25). The investigators may have included flow and heat-transfer devel-
opment regions in their experimental results; this would yield values of friction factors
and heat-transfer coefficients in excess of the fully established values. Finally, sec-
ondary flow effects in twisted tapes may be more extensive than in helical-vane inserts.
References 4 and 5 present experimental evidence for the existence of four secondary-
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flow cells in tubes containing twisted tapes. Only two such flow cells are believed to
occur in tubes containing helical-vane inserts. The additional secondary-flow patterns
occurring with twisted tapes, believed due to the presence of two-flow passages, would
also contribute to higher friction factors and heat-transfer coefficients than predicted.
The resolution of the significance of each of these explanations awaits more definitive
experiments. However, figures 18 and 20 suggest that the analysis of this report can
reasonably predict the gross performance of twisted tapes.

SUMMARY OF RESULTS AND CONCLUSIONS

An analysis was conducted of flow inside a tube containing a helical-vane insert.
This analysis assumed solid-body rotation of the flow and employed conservation of
linear and angular momentum. The analysis resulted in a new equation for fully devel-
oped momentum pressure losses in tubes containing helical-vane inserts, an expression
for the frictional pressure losses in tubes with these inserts, and a new theoretically
based expression for the hydraulic diameter of tubes with helical inserts. Plain-tube
expressions for friction factor and heat transfer, modified for the helical vane insert,
were obtained from the analysis and were used to predict the performance of this insert.

A series of experiments was conducted to measure the pressure losses and local
heat-transfer coefficients of air flowing inside a tube containing thermally passive
helical-vane inserts. Four helical-vane inserts were tested having pitch to tube diam-
eter ratios of 0.52, 0.75, 1.46, and 6.36. Tests were conducted over the range of Rey-
nolds numbers from 30><103 to 300><103, with some data taken at Reynolds numbers be-
yond this range. Pressure-loss and heat-transfer coefficient data were also obtained
from a limited series of experiments with two types of swirl-generating inserts repre-
senting geometrical extremes of the helical-vane insert. These inserts were a wire-
wrapped plug and a helical vane having no centerbody. In general, the experimental
data indicated that both the pressure losses and heat-transfer coefficients increased as
the insert pitch to tube diameter ratio decreased.

Friction factors and Stanton-Prandtl moduli were computed from the experimental
data of the four helical-vane inserts. These were compared with the corresponding
modified plain-tube expressions obtained from the analysis. This comparison showed
that, in the range of Reynolds numbers of 30><103 to 300><103, the friction factor and
Stanton-Prandtl modulus data deviated from the predictions by about +20 and +15 per-
cent, respectively, suggesting the analysis to be largely correct. The friction factor
and Stanton-Prandtl modulus data for the wire-wrapped plugs and the helical vane-
without-centerbody insert deviated from the appropriate modified plain-tube expressions
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by a maximum of about 30 percent, tending to support the applicability of the analysis to
this class of insert as well. Graphs were presented of normalized helical-vane-insert
friction factors and Stanton-Prandtl moduli, plotted as a function of pitch to tube diam-
eter ratio, which included data from the literature. The trends of these data were in
good agreement with predictions. Based on these results, it was concluded that the
pressure losses and heat-transfer coefficients for single-phase flow in tubes containing
helical-vane inserts can reasonably be predicted from plain-tube expressions modified
in accordance with the analysis presented herein.

The analysis of pressure losses in tubes containing helical vanes was extended to
twisted-tape inserts. Comparable plain-tube expressions for friction factor and heat
transfer, modified for the twisted-tape geometry, were obtained. A limited body of ex-
perimental twisted-tape friction factor and Stanton-Prandtl modulus data from the liter-
ature was compared with the expressions obtained from the analysis. The experimen-
tally determined values of twisted-tape friction factor and Stanton-Prandtl modulus were
somewhat larger in magnitude than the values predicted. However, the gross perform-
ance of the twisted-tape insert appeared to be predicted by the analysis.

The experimental friction factor and Stanton-Prandtl modulus data for the helical-
vane inserts exhibited the following trend with Reynolds number. At low Reynolds num-
bers, the values of the aforementioned parameters decreased rapidly with increasing
Reynolds numbers. At higher Reynolds numbers, these parameters tended to remain at
a constant value or to increase slightly. This same characteristic was also observed
with the experimental data for the wire plug and helical vane-without-centerbody inserts.
The origin of this effect is so far unexplained.

Lewis Research Center,
National Aeronautics and Space Administration,
Cleveland, Ohio, July 24, 1970,
120-27.
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APPENDIX A

SYMBOLS

flow cross-sectional area perpen-

dicular to axis of tube contain-

ing helical-vane insert, m2

flow cross-sectional area per-
pendicular to axis of tube con-
taining twisted-tape insert, mz

specific heat capacity,

(W)(sec)/(kg)(K)

diameter, m

approximate equivalent diameter
of tube containing twisted tape
insert, m

derived equivalent diameter of
tube containing helical vane in-
sert, m

derived equivalent diameter of
tube containing twisted tape in-
sert, m

friction factor

local heat-transfer coefficient,
W/(m?)(K)

Stanton-Prandtl modulus, dimen-

sionless
thermal conductivity, W/(m)(K)
length, m
mass flow rate, kg/sec
Nusselt number, dimensionless

pressure, N/m2

P*

Pr

o]

Re
St

=l

static pressure at test section inlet
pressure tap (see table III),
N/m2

Prandtl number, dimensionless
perimeter, m

test section net heat flux (see ta-
ble IIT), W/m?

radius, m
Reynolds number, dimensionless
Stanton number, dimensionless

fluid bulk temperature or tube wall
temperature (see table III), K

arithmetic average fluid bulk tem-
perature in test section or aver-
age tube wall temperature (see
table III), K

vane thickness, m
local fluid velocity, m/sec

fluid velocity based on test section
average density, m/sec

maximum fluid velocity at test sec-
tion outlet pressure tap (see ta-
ble III), m/sec

insert pitch (axial distance for a
360° revolution of the vane, tape
or wire coil), m

angle between tangent to vane and
tube centerline (see fig. 2), rad

net pressure difference across vane
of insert, N/m2



p local density, kg/ m3

D density evaluated at arithmetic
average of test section inlet and
outlet temperatures and pres-
sures, kg/m3

T shear stress, N/m2

L local viscosity, (N)(sec)/m2

m viscosity evaluated at arithmetic
average of test section inlet and
outlet temperatures, (N)(sec)/m2

Subscripts:

A reduced on the basis of axial flow

model

cb centerbody

test section thermocouple center
station

exit

frictional

helical or helical vane insert
inlet

momentum

plain tube

twisted tape

vane

tube inner surface

axial

tangential
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APPENDIX B

ANALYSIS OF PRESSURE LOSSES IN TUBES CONTAINING
HELICAL-VANE INSERTS

The analysis of pressure losses in tubes containing helical-vane inserts proceeds
from the assumption that the fluid rotates at a constant angular speed and translates
along the tube axis with a radially uniform constant velocity, that is, solid-body rotation
with translation. The fluid streamlines are assumed to be parallel to the insert vane.
Thus, the acute angle « between a tangent to a helical flow streamline and a line paral-
lel to the tube axis is equal to the angle formed by a tangent to the vane at the same ra-
dial location (see fig. 2). The analysis developed on the basis of this assumption is,
therefore, applicable to fully developed helical flow in which velocity profile distortions
due to thick boundary layers or secondary flows may be neglected. A further assumption
of the analysis is made: The radially uniform translation of each particle of flow is rep-
resentable by the average axial velocity obtained from continuity; that is,

V= (B1)

m
zZ
Acp

The secant and tangent of the angle « are related to the insert pitch and the radial

displacement from the tube centerline as follows:

1/2
2 2 l
sec o = [Y + (277) ] _ -_h (B2)
Y ZZ
2nr l@
tan ¢ = 2= = 2 (B3)
Y ZZ

Pressures and shears at solid boundaries within the insert (shown in fig. 21) and the
helical velocity may thus be resolved into axial and tangential components. Referring to
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Figure 21. - Pressure and shear forces within helical-vane insert.

figure 21, application of momentum conservation in steady flow for an axial increment of
length AZZ yields the expression

APA. - Th,w €05 OyPy AL, - Th, cb ©°% %cbPeb AL,

Ir
w dl

. h ~
- (ZTh,VCOS a+ysin o) —= dr Alz—m(V -V

z, e z, i) (B4)
z

Teb
The terms Py AZZ and Peb AZZ are the wetted surface areas of the tube and center-

body, respectively, within the increment AZZ. The relations for these terms are given
by

dlh W
p,, AL, = 277rw - t_&’_ AL, (B5)
Z
and
dl
ooy AL, - <2b : tlﬂo)Azz (86)
daz
Z
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The flow cross-sectional area normal to the tube axis is given by

A = n(r?v - r2b> - 4£W t sec @ dr (B7)

Application of angular momentum conservation to the fluid within the same increment

of length yields

~ Ty Th,w S0 Oy Py Al , = TepTh, cb ST %epPep AL,

!" r
v dly
- (2r—rh’V sin @ - ry cos o) — dr|AZ,
z
i Teb
[ ,rw w
= rVG(pVZ)277r dr| - rv, (pVZ)277r dr (B8)
r T
Bade e cb ;

Substituting into equation (B8) the relations (dl h/dl Z) = sec @ and Vg = (VZ tan o) and
multiplying by 27/Y results in the following expression, after rearrangement:

r s
2nr _ 27 4 4 \m
— varjal, ) <rw - rcb>A— (Vz,e - Vz, )
Teo Y ¢
Ty .
+ ZTh’V tan” o dr AZZ + Th, w tan a, sin 0Py AZZ
Teb
* Th, ¢b tan @,y sin @40, AL, (B9)
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Substituting equation (B9) into equation (B4), collecting terms, and simplifying yield

4 4
2 3 (I‘ -T ) T p
APZ=_m_<_L-l> 1421 Nw  cb/} Thww oo a,, AL,
AZ\Pe P v2  Ac Ac
T P Tw
A c Z A , Vv Z
c c\r.,

The overall pressure loss across the increment Al , may be considered as the sum of
momentum and frictional components as follows:

AP, = AP+ AP (B11)

By inspection of equation (B10), the momentum pressure difference and the frictional
pressure difference for the helical-vane insert can be written as

4 4

2 3 (r _r )

AP p= m_<.l - 1_> 142 Yw __cb (B12)
A2 Pe Pj Y2 Ac
I
Py Pe 2 w 2
APf’h = Th,w? sec a + Th, ch_ sec oy, +A— Th,v sec”a dr AZZ

C C C er

(B13)

Equation (B12) may be divided by the momentum pressure difference for a plain tube.
The resultant expression is based on equal mass-flow rates and identical inlet and outlet
densities:

2 4 4
AP A 3 {r. -r
m,h _ < c, o> 1+ 27 ( w cb) (B14)

AP o \ A,

A plot of the ratio Pm h/Pm o 282 function of the pitch to tube diameter ratio, that is,
Y/2rw, is shown in figﬂre 22 for a tube inner diameter of 2. 21 centimeters and center-
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S
|

I'I‘Ill‘

Normalized momentum pressure loss, AP h/APm o dimensionless
, ,
—
o

, Lo L bl o
.1 .2 4 6 .81 2 4 6 810
Insert pitch to tube diameter ratio, Y/D,,, dimensionless

Figure 22. - Helical-vane-insert momentum pressure loss normalized to
plain-tube momentum pressure loss. Ratio of centerbody diameter to
tube inner diameter, 0. 286; ratio of vane thickness to tube inner diame-
ter, 0.068.

body diameter of 0. 635 centimeter. From this figure it is clear that significant errors
in the momentum pressure loss would occur if such were computed on the basis of a

plain tube.

40

The shear stresses are defined as

2
T :.fc_.bp _—Vh’ Cb
h, cb 4 9
2
f v
v h,v
Th v = — Pl — (B15)
h,v 4 9

The relation between the helical velocity Vh and the axial velocity VZ is given by



"
Vy = (VZ sec a) = <Vz l—> (B16)
VA

Substituting equation (B15) into equation (B13) and using equation (B16) result in

Ir

2 2 W 2
AP f pVo\p f oV_ \p f pV
f’h=lvsec3aw—-—§ _w+_cl) sec3acb z —313+-2— —Vsec4cyz—2—Z dr
AZZ 4 2 Ac 2 Ac Ac 4 \
Teb
(B17)
The equality of the friction factors is now assumed:

fwzfcb=fvth (B18)

Substituting the helical friction factor into equation (B17) and collecting terms yields

AP

2 r
i { pv w
f,h__h z sec3a p. + sec3oz P.y. + 2 sec4oz dr (B19)
WEW cbtchb
Al 4A 2
z c LIRR

The equivalent hydraulic diameter for the tube with the helical-vane insert is shown as

= S i (B20)

r
sec? a w
—__¢b Pep * __2?_. / sec4a dr

secS ec
Xy, Sec ay/ "Top
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Consequently, the frictional pressure loss for flow in a tube containing a helical-vane in-

sert takes the simple form

2
P I AN w
A f,h—B— sec” oy, p-g— A z
h
or - (B21)
3 2
APf’hzﬁl(h’W) pYE
Alz Dh Lz 2 J
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APPENDIX C

MODIFICATION OF CORRELATIONS TO PREDICT FRICTION FACTORS AND
STANTON-PRANDTL MODULI ON AXIAL BASIS

The definition of the axial friction factor is given by

AP
L L (C1)
2
fz Y
Dw 2
The frictional pressure loss is
2
l v
AP, , =f bW, hw (C2)
f,h~ "h D 9
h

Substitution of (C2) into (C1) and normalizing to the plain-tube friction factor on the basis
of equal axial velocities, fluid properties, and tube inner diameter yield

3
_2=iCmf>Cﬁ> (c3)
fo f \%, /] \Dy

Equations (15) and (13) are employed to obtain fh/fo. The result is shown in equation

(C4).
0.2 0.2
f D L .
L <_DW) <z z > (C4)
o h h,w

Substitution into (C3) yields

1.2 2.8
fa_ <D_w> (lh, W) (C5)
fo Dh Lz

43



The Stanton-Prandtl modulus, based on the axial-flow model, is

C. 0.6
)
CppVZ k

The heat-transfer coefficient h is given as

b JhpCpVh, W

0.6
Cpu
k

Substitution of equation (C'7) into (C6) and normalizing to J o On the same basis stated

previously yield

(€M)

Ia_ ﬁl(z h, W) (C8)
Is o Ly
Equations (18) and (14) are used to obtain the ratio Jh/JO. The result is shown as
0.2 0.2
J D : l :
n _ <_w> ( z > (©9)
J5 \Pp Lh,w

Substitution of equation (C9) into (C8) yields

0.2 0.8
3, (D N\ 2 :
Jo \Py Ly
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APPENDIX D

PRESSURE LOSSES IN TUBES CONTAINING TWISTED TAPES

The twisted tape may be considered geometrically as a helical insert having no
centerbody, the vane of which extends diametrically across the tube. Equations (B4)

and (B8) may be modified for the twisted tape such that

w dz

. h
APzAc,t = Th,w €08 %Py Al - 2(2Th,t cos «a + y sin a) a dr| AL,
0 Z
= m(VZ, o - Vz, ) (DY)
Tw
dy
“TyTh, w sin %Py AL, - 2(2r7h, ¢ Sin a - ry cos a) —— dr| Al z
0 Z
Tw Tw
= rV,(pV )27r dr| - rV,(pV_)27r dr (D2)
0 Z 6 Z
0 e 0 i

The definitions of the wetted area of the tube by, AZZ and the flow cross-sectional

area AC ¢ are for the tape

b

dlhw (D3)
p. Al_={27r_ - 2t 2 Al D3
w oz w dl z
z
and
r
Ac,t=7rrv2v—2‘{wtsecadr (D4)
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Following the steps detailed in appendix B, the expression for the momentum pres-

sure loss and the friction pressure loss for a tube containing a twisted tape is

where the twisted-tape equivalent hydraulic diameter is

4A,

Sec3aw
The Reynolds number for use with twisted-tape friction factors is given as

A
N2/

7

Ret =

The Stanton-Prandtl modulus is defined as

hy

Jy= [t (pr)0-©

h,w
Cpsz ;
z

For use with Iy the following local Reynolds number is defined:

l
h,w
.z’

u

Ret =
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APPENDIX E

REDUCTION OF TWISTED-TAPE DATA
Friction Factor

References 4 and 7 define the axial friction factor and Reynolds number for a tube
containing a twisted tape as follows:

AP
fy =0t - (E1)
(2)p Yz
D, 2
and
D V_p
Re, = —° z (E2)
v
where the equivalent hydraulic diameter is
2
7D - 4tD
D = wW_""w (E3)

0=
D, + 2(DW -1

The axial friction factors and Reynolds numbers were reduced to corresponding
friction factors and Reynolds numbers defined by equations (D6) and (D8) as follows:

3
D,\ /1
£, = fp(— ( z (E4)
De lh,w
2 D
Re, = Re A< h’“’><_.t_> (E5)
ZZ De
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Heat Transfer

Reference 4 presents twisted-tape Nusselt numbers as a function of axial Reynolds
numbers. The Nusselt numbers were defined by this reference as

h,D
_ttw

The Nusselt number data were converted to axial Stanton-Prandtl moduli by

0.6

n, \/c. i\
JA=( t X__lf) (ET)
CppVZ k
g, o[ ia\(Pe\( 1 (E8)
A\ re, \D_/\ p,0.4

Reference 4 cites the value of 1. 667 for Dw/De and 0. 7 for the Prandtl number as ap-
plicable to the data.

The values of JA and ReA for the twisted-tape data of reference 4 were reduced
to corresponding values of the Stanton-Prandtl modulus and Reynolds number given by
equations (D9) and (D10). The axial Reynolds number was reduced in accordance with
equation (E5), and the following equation was used to obtain values of Jt:

l
Jt=JA< z > (E9)
'y
, W/
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Insert
pitch
to tube
diameter
ratio,

¥/D,,

0.52
.75
1.46
6.36

TABLE 1. - PHYSICAL DIMENSIONS OF HELICAL VANE INSERTS

Insert
equiva-
lent di-
ameter,

Dh’
cm

1.37
1.51
1.63
1.43

Ratio of equiv- Pi
alent diameter T
to conventional Average,
hydraulic diam- cm
eter,
Dh/De’
dimensionless
1.03 1. 166
1.11 1.623
1.22 3.261
v [eos

tch

Standard
deviation,
percent

0.9

1.4

13.1

Centerbody diameter
Average, Standard
cm deviation,
percent
0.648 2.1
.592 1.5
.630 .4
.635 0

TABLE II. - ESTIMATED COMBINED PROBABLE ERRORS

IN HELICAL PARAMETERS

Insert pitch
to tube di-
ameter
ratio,

-

Probable errors, percent

Helical fric- | Helical Reynolds
tion factors, numbers,
fh Reh
6.8 2.9
6.8 2.9
7.6 3.1
11.9 5.0

Helical Stanton
parameters,

Sty

w N o
D = O O

Vane thickness

Average, | Standard
cm deviation,
percent
0.086 1.1
. 140 1.6
. 193 1.5
.4

. 185
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TABLE IIl. - EXPERIMENTAL AND COMPUTED DATA
{a) Helical-vane-insert pitch to tube diameter ratio, 0.52

{a-1) Pressure-luss and heat-transfer data.

Alr mass | Awr inlet | Atraver- | Static- | Overall static "ﬂ(n'nu},; Frictional | Friction fac- | Reynolds num- | Air bulk | Net heat | Inner wali | Heat-transter | Reynolds num-| Stanton-Prandtl]
flow rate, | bulk tem-| age bulk pressure pressure loss, | helical ve- | pressure tor, ber for friction, | tempera. flux, average | coefficient at | ber at center | number at cen~
m, perature, | tempera- | at inlet tap, APZ, locity at loss, ‘h’ Rey, ture at Q, tempera- | center station, station, ter station,
kg/sec T ture, P‘,2 N/m2 outlet tap, APf’ p | dimensionless | dimensionless center w/m2 ture at hegs Reh' cs’ ,
T, N/m Vh,w' N/mz station, center w’(mz)(k) dimensionless | dimensionless
K m /sec Tegr station,
K TW, cs'
1 R AU A 4. ¥ . I I
2.04x1072| 296.6 359.3  |4.462x10% | 1.982x10% | 2.00x102 | 1.662x10% | 1.34v1072 2.66x10% 359.4 | 3.63x10%| 4011 8.74+102 2.66x10° 1.69x1073
173 296.0 369.2  [3.986 L7111 2.02 1.430 1.36 2.21 369.5 | 2.60 416.8 7.63 2.21 1.78
1.33 297.5 383.2  |3.154 1.306 1.94 1.099 1.41 1.65 383.5 | 3.22 436.1 6. 14 1.65 1.81
1.09 295.2 387.9 |2.725 1.062 1.82 9.023+10° | 1.48 1.35 388.2 | 2.87 440. 1 5. 54 1.35 1.98
9.5001073( 206.7 396.6 | 2.471 9. 165%10% 175 7.834 1.53 1.16 396.9 | 2.69 450.3 5.05 116 2.07
7.74 297.3 407.2  [2.150 7.305 1.63 6.302 1.60 9. 2610 4075 | 2.41 62,2 4.42 9. 24r10* 2.22
5.35 296.3 4144 ]2.016 4.698 1.06 4.280 2.28 6.32 4147 | 179 464.4 3.60 6.31 2.62
3,45 296.3 4372 [La19 2.871 102 2,605 2.21 3.93 473.7 | 1.38 486. 4 2.83 3.92 3.17
5,06 295.6 415.6 | 1.657 4.363 1.28 3.868 181 5.97 416.0 | 1.72 468.8 .26 5.96 2.50
4.30 296.5 4234 |1.533 3.593 1.16 3.216 1.93 5.00 423.8 | 154 478.0 2.85 4.99 2.57
3.32 297.8 446.2 | 1.389 2,697 1.01 2,442 2.16 3.73 146.7 | 1.39 501.6 2.54 3.72 2.95
2.73 208.3 463.3 | 1307 2.181 8520101 | 2.009 2.42 2.99 63.8 | 1.27 518. 2 2.34 2.98 3.29
2.45 798.8 467.8 [ 1,266 1.904 7.74 1.766 2.56 2.66 4684 | 1.17 524. 4 2.09 2.66 3.27
2.09 299.7 4706 |1.212 1.542 6.72 1.442 2.76 2.27 4711 | 101 522.9 195 2.26 3.57
1.73 299.8 4112|1150 1194 5.67 1125 3.03 1.88 4717 | 8.41x10%] 520.7 172 1.88 3.78
121 300.0 21 1095 | rzae0® |40z leoisao®| zeo | 12 | seze [e2s | szme | va | w2 [ s3]
(a-2) Adiabatic pressure-loss data.
Air mass | Air inlet | Air aver- Static- Overall static | Maxtmum | Frictional | Friction fac- | Reynolds num-
flow rate, |bulk tem- | age bulk pressure pressure loss, [helical ve- | pressure tor, ber for friction,
m, perature, | tempera- |at inlet tap, APZ, locity at loss, fh' Re]‘,
kg sec T, ture, P N m2 outlet tap, | AP ). |dimensienless | dimensionless
T, N'm Vi e N/l
X m/sec

R N [ SRS S N | . | &

2.46x1073 | 295.0 2050 [1.124'10% | 1.048x10% | 4.10x10! l 1.036x1 2. 1541072 3.73v10%

4.34 295.4 205.4  [1.205 2.513 7.08 2. 436 L 6.56

6.20 206. 1 206.1 [ 1.538 4.539 9.76 4.309 172 9.36

8.05 296. 8 206.8 | 1.789 6.578 1222102 |6.116 1.61 1.21n10%

1.09x102] 2076 2075 [2.219 9.892 1.52 8. 947 1.52 1.64

1.26 297.9 207.8 | 2.484 1. 185% 109 1.86 1.058>10° | 1.48 1.88

1.39 297.2 297.1  [2.705 1.346 1.75 1.191 1.46 2.09

1.60 297.6 297.5  |3.045 1.587 1.88 1.387 1.43 2. 40

1.81 297.7 2976 [3.410 1.833 197 1.588 1.41 2.72

2.15 298. 1 208.0  |3.902 2,220 2.09 1.900 1.37 3.23

110 299 4 209.3 | 2.363 9. 115x10% 1.31 8.403-10% | 153 1.64

9.81x10"%| 2990.8 209.8  [2.170 7.931 1.23 7.365 1.57 1.47

8.53 299.5 200.4 [ 1.967 6.656 113 6.237 1.62 1.28

6.98 299.8 299.7 | 1.729 5. 107 9.9010% |4.844 1.69 1.04

1.93 299.3 299.3 | 1.429 3. 145 7.63 3.039 1.84 7.38-10%

4.45 208.7 298.7 | 1.365 2,699 6.99 2.620 1.89 6.66

3.86 298.5 208.5 | 1,203 2. 188 6.18 2.136 197 5.78

3.19 208 5 208.5 |1.217 1.650 5.22 1.621 2.10 4.78

224 298. 4 298.4 |1.124 9.875x108 | 3.75 9.781:10% [ 2.44 3.35

1.57 298.4 208.5 | 1.071 5,889 2.67 5.860 2.87 2.35

6.36 294.2 2942 [1.610 42510104 9.10 4.005v10% | 1.65 9.64

5.75 204.5 2044  |1.524 3.703 8. 46 3.551 1.69 8.72

5.08 204,4 2044 |1.432 3.095 7.67 2.986 1.74 7.70

4.30 294.5 294.5 | 1,339 2,432 6.65 2. 365 1.83 6.51

3.84 294.4 2044 | 1.285 2,053 6.03 2.005 1.90 5.81

331 294.4 2044 |1.228 1.661 5.29 1.630 2.00 5.02

2.75 204.2 2942 | L 171 1.245 4.46 1.228 211 418

1.96 294, 1 2041 |1.108 7508108 322 7.453-10% | 2,45 2.97

1.53 294.0 2940 | 1.072 5. 194 2.54 5.169 2,72 2.32

s.86-107| 2000 | 2940 [s033 | 2260 j1ae _ Juzss | sies |
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fAir mass
flow rate,
m,

kg, sec

2. 54x10°2
2.53
3.08
2.57
2.53

2.38
2.12
179
1.54
1.31

1.05
411
5,06
5.84
7 gov1073
5.35

5.06

Alr inlet
bulk tem-
perature,

Ti‘
K

304. 4
304.3
304.9
304.3
304.3

303.
303.
304,

301,
304.
304.

o
S
=

D W ® o - e

Air aver-
age bulk
tempera-
ture,
T

389.2

409.8
329.8
326.3
321.6
409. 4
426. 9
432.9

Static- | Overall static
pressure pressure loss,
at inlet tap ap,,
" N/m?
N/m’
2.892x10% | 1. 162x10°
2.892 1174
3.420 1.459
2.954 1.221
2.8%0 1. 180
2.775 1114
2.548 9.875x10%
2.263 8.286
2.046 7.001
1.877 5.946
1671 4.684
4.374 1.907> 105
5,287 2.347
6.213 2.787
1.414 3.068+10%
1,248 1.962
1234 1.853

1

1
1.
2.

~

RS E R S

PR

Atr mass | Ariet
flow rate, | bulk tem-
m, perature,
kg sec T,
K
517121073 | 206.4
L07v10°2| 299.5
53 209, 2
55 300. 1
61 301.6
58 302 2
61 207,5
61 299.2
14 300, 2
13 300 1
63 301.4
o8 301 1
57 1
51 .5
12 .2
07 304.3
54 02,5
02:1073 | 208 1
75 298. 2
32 209, 6
91 299.8
61 299.7
20 300. 2
72 300.5
22 300. 7
65 300. 8
84 3010
.52 013

TABLE ML - Continued,

(b} Helical-vane-insert piteh to tube diameter ratio, 0.75

Marximum
helical ve-
locity at
outlet tap,
Yo, w
m/sec

2, 22x10%
2.24
2.26
2,23
2.25

1.74
2.30
2,32
2,25
1.38
1.08
1.05

Ar aver-
age bulk
Tempera-
ture,
T,
K

296,
299,
299,
300.
301,

o= e oa

r
>
S @
® o0 wo

Jo1.

@
S
@t
N E -

=
5
b
©

I
&

P o® >

an o ao

w
<]

IS

N wa e

300,
301,
301.

o ®

w

(b-1) Pressure-loss and heat . transfer data.

Faactional

pressure
loss,
AP[’ h

N/m2

9.077x10%
9, 150
1. 143%10°
9.571>10%
9. 207

8.716
7.774
6. 570
5,578
4.784

3,796
1. 483710%
1.839
2.223
2. 5095104
1.701
L1612

Friction fac-
tor,
[h’

Adtmi neinnless

1. 13x1072
1.14
116

R ynolds num-
ber for frictlon,
Rey,
dimensionless

2. 51x10%
2,50
3.13
2.56
2.50

34
08
71
44
20

N

24x10?
23v10°
25
12
71x10%
59
30

F N A IRL Iy

{b-2) Adiabatic pressure-10ss data.

Statte-
pressure
at inlet 1ap,

P,

N m?

1. 152+ 10°
1. 507
1. 892
1.892
2.341

.811
826
802
. 235
175

AL NN

4 662

5.714

4 144
1821
1.171
1. 161
1. 140
1,123
1.110
1.093
1.072
1.055

1.035
1.012

1.004

Overall static
pressure loss,
ap,.

N m?

1. 188104
3.588
5,831
5. 966
8.604

1. 125+ 107
1143
L
1. 404
1.884

2,121
2,293
2,577
2,631
2 922

1.864
5,800- 0%
1.479
1.384
1.238

1. 113
1,003
8.772-10%
7.331
5.864

2. 547
1.915

Maximum | Frictional
helteal ve- | p1essure
Locaty at loss,
outlet tap, AP[‘ h
Vi, w N m?
m’sec
5.75-10% | 1. 162+ 10%
1o8-102 |3 356
1.36 5. 203
139 5,394
1.63 7,568
179 9.696
179 9.839
1.86 1 006-10%
199 1,176
2. 10 1.555
212 1745
2.14 1 882
217 2 108
2 11 2. 181
2,14 2.412
2. 10 1.540
1.45 5. 202+10%
6 s0-10" [ 1,435
6 50 1.347
6 08 1. 208
5,71 1.090
5.31 9 g40-10%
4.87 8.633
4.34 7,231
3.1 5. 808
312 4. 369
2.18 2,539
181 1.909

Alr bulk
tempera-
ture at
center
station,

Tes

348.1

351.8
356.9
366. 4
376.7
389.5

410,

321,

[ERR R RGP

EXPERIMENTAL AND COMPUTED DATA

Net heat
flux,
Q

w/m?

3. 16x10%
3.21
3.22
318
3.19

3.21
3.17
312
3.15
315

3.16
314
3.16
3.1

1.86
1.84

Friction fac-

tor,

W
dimensionless

192.10°2
155
145
143
1.35

1. 30

1,31
121
118

117
118
115
1.24
1.23

118
1.34
1.75
1.79

1.84

1. 88
1, 96
2.05
2.15
2,29

2,51
2.97
3.25

Inner wall| Heat-lransfer
average | coelficient at
tempera- | «enter station,

ture at
center
station.

Tw,cs’
K

386. 1
387.8
367.6
383.1
388.3

393.7
402.6
417.8
433.8
454.6

485,0
354, 4
346.0
337 6
476.6
492.7
500.0

Rt‘“.

28104
19-10°
70
71
27

N oo

83
91
89
47
58

oo

6 70-10

_
Reynolds num-

ber for Inetion,

dimenst nless

—_— 1

hest

w. (m?)(K)

R S

[SITIEFIE R R
o
@

Reynolds num-
ber at center
station,

Rey ose
dim nsionless

2, 51x105
2.50
313
2.56
2,50

N
©
&

PN LY

Stanfon- Prandil
number at cen-
ter station,

I, s

dimensjonless

.90x1073

©
=

RN COURTR
@
©

[RRPTENT RV
o
@
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TABLE Ili. - Continued. EXPERIMENTAL AND COMPUTED DATA

(c) Helical-vanc-insert pitch to tube diamet r ratio, 1.46

{c-1) Pressure-loss and heat-transfer data,

Air mass | Alr inlel | Air aver- | Static- | Overall static | Maximum | Frictional | Friction fac- | Reynolds num- | Air bulk | Net heat] Inner wall | Heat-transfer
flow rate, | bulk tem- | age bulk pressure pressure loss, | helical ve- | pressure tor, ber for friction, | tempera- flux, average | coefficient at
m, perature, [tempera- | at inlet tap APZ, locity at loss, fh, Rey, ture at Q, tempera- | center station
ke/sec T, twre, e N/m? outlet tap, | APy, [dimenstonless | dimensiontoss | center | w/m® | treat hegr
T, N/m vh, w N/m? station, center wAmAK)
K m ‘sec Tege station,
K Tw, [

- - SR S ¥ — .
6.74x10°% | 291.4 310.5 |3.268x10% | 1.050x10% | 2.05x10% |7.999x107 | 1.31x10°2 4.13x10% 310.6 | 3.81a0%| 342.8 1. 26~10%
6.07 298.5 320.3 | 3.004 o.191x10f | 2.10 7.350 132 3.64 3205 | 3.90 356.5 114
5.31 298.0 322.8 | 2.660 8. 726 211 6.523 1.35 3.16 3229 | 3.86 3616 1.05
4.38 209.5 329.4 | 2.298 7.280 2,05 5. 482 141 2.57 329.6 | 3.82 374.3 8. 90» 102
3.05 299.4 342.9 | 1.796 4.887 1.84 3.749 1.54 1.74 3431 | 3.82 399.7 6.92
5.24 294.6 319.2 | 2.562 8.379 214 6. 171 1.27 3.15 3134 |3.19 359.7 5,87
5.08 294.1 319.6 | 2.523 8.125 2.09 6.033 1.30 3.05 319.8 | 3.80 360.9 9.66
4.50 294.0 323.9 | 2.297 7.209 2.06 5.358 134 2.67 324.0 | 3.92 370.8 8.1
3.84 296.0 330.5 | 2.044 6.113 2,00 4.565 1.37 2.25 330.6 | 3.85 381.4 7.86
2.91 296.0 338.0 (1722 4.368 1.76 3. 386 1.50 1.66 3382 | 3.52 395. 4 6.31
1.82 300.7 347.6 | 1.350 2.325 1.32 1911 172 1.03 347.8 | 2.44 404.5 4.37
2.48 300.7 343.7 | 1.525 3,517 167 2.743 1.48 1.41 343.9 | 3.06 402.5 5.34
2.51 298.4 3412 | 1550 3.548 1,65 2,776 1.50 1.44 3414 | 3.09 399.3 5.44
2.927 300. 1 339.5 | 1.466 3.044 1.52 2. 447 155 1.30 339.6 | 2.56 3916 5.04
2.00 299.7 3414 | 1388 2.581 1.39 2. 100 1.63 115 3415 | 2.39 394.3 .61
1.68 301.9 348.4 | 1297 2.039 124 1.693 1.74 9.46%10° 3486 | 2.23 04,7 4.0
1.33 303.6 356.7 | 1.218 1488 105 1.261 1.92 7.39 356.8 | 2.01 1416.3 3.41
109 304.7 362.1 | 1.159 1127 8.99x101 | 9.603v10% | 2.08 5.99 362.3 | 1,78 4216 3.03
7.785107% | 296.4 355.2 | 1.0904 6.31210° | 6.40 5. 557 2.32 4.32 355.4 | 1.30 410.6 2.36

{c-2) Adiabatic pressure-loss data,
Awr mass | Awr inlet | Air aver- Static- Qverall static [ Maximum Frictional | Friction fac- Reynolds num-
flow rate, | bulk tem- | age bulk pressure pressure loss,| helical ve- | pressure tor, ber for friction,
m, perature, | tempera- | at imiet tap, APz' lacity at lass, !h' Reh,
kg, sec T, ture, P',Z N'm2 outlet tap, AP( ). |dimensioniess| dimensionless
K T, N-m Vi N m2
K m/sec

9.60x1072| 289.2 288.5 | 4.377x10% | 1.417%10° 1.91x10% | 1. 144%10% | 1. 33x10°2 6. 26~10°
8.73 287.9 287.2 | 3.027 1.278 1.93 1.026 1.30 5.71

.62 288.6 287.9 | 3.471 1130 191 o.11av10f | 134 4.98

6.98 289.4 288.7 | 3.187 1.042 1.92 8. 402 134 4.55

6.28 292.6 2919 | 2.902 9.436%10% 191 7.644 1.36 4.05

5.41 295.9 295.2 | 2,551 8.218 188 6. 710 1.40 3.46

4,45 295.7 2951 | 2.148 6.629 1.81 5.485 1.43 2.85

3.47 295. 4 204.9 | 1.780 4.870 1.62 4.162 1.52 2.22

1.98 296.8 2066 | 1.318 2,165 1.09 2.000 1.76 1.26

5.41 296. 1 2054 | 2,49 8,049 1.93 6.507 1.33 3.45

4.90 295.0 2047 | 2,290 7,221 1.88 5. 886 1.35 314

4.20 295. 4 205.1 | 2.282 6,037 1.51 5.263 1.69 2.69

3.82 296. 3 295.8 | 1.873 5,371 173 4. 498 1.41 2.44

3.43 207.5 2070 | 1.742 4,667 1.63 3.975 144 2.18

3.00 298.0 207.6 | 1.600 3.856 1.50 3.355 1.49 1.90

2.46 298, 1 2079 | 1.436 2,892 1.31 2.503 1.57 1.56

192 296. 4 206.2 | 1.289 1.979 1.07 1.833 1.68 1.22

111 296. 4 296.3 | 1.114 8.455v10° ) 6.51x10' |8 2020108 ] 2,05 7. 04x10%
2.43 290.0 289.8 | 1.413 2.716>10% 1.26x10% | 2.443v10% | 1.53 1,58 10%
2.16 2899 280.7 | 1.342 7.286 115 2,090 1.60 1.40

1.89 290, 1 280.9 | 1.274 1847 1.03 1.716 1.65 123

174 290.3 200.2 | 1.238 1.623 g9.58v100 | 1.522 1.70 113

1.54 291.1 2910 | 1.196 1.336 8.63 1.267 1.75 9.96v10%
1.32 291.4 2914 | 1,151 1.065 7.56 1.022 1.86 8.54

1.08 201.9 2919 | 1111 7.779~10% 6.31 7.655~10% | 1.97 7.04
9.73x10"3| 2919 2919 | 1,002 6.511 5.66 6.358 2.05 6.28

8.54 293. 4 2934 | 1.072 5.318 5.03 5.219 2.15 5.49

7.03 292.5 292.5 | 1.050 3.852 4.16 3.802 2.29 4.53

.96 293.6 293.6 | 1.027 2.212 2.97 2.197 2,60 3,18 J
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Reynolds num-
ber at center

station,

Reh'cs'

dimensionless

4.13>10°
3.63
3.16
2,57
1.74

315
2.05
2.87
2.25
168

1.03
L4
1.43
1.30
115

9. 4510%
7.38
5.98
_ 4.32

—

Stanton-Prandti]
number at cen-
ter station,

I, est
dimensionless

[
2. 10%1073
2.11
2.21
2.27
2,53

2,11
2.13
2.17
2,28
2.41

2.66
2,40
2.42
2.47
2,56

2,66
2.84
3.07

3.36



Air mass
flow rate,
m,
kg/sec

8.78x1072
7.94
7.21
6. 10
4.76

70%1073

Air inlet
butk tem-
perature,

Tl'

292.4
298.5
298.8
299.6
300.1

300.8
298.17
300.8
301.8
292.3

294.
295,
292,
295,
296.

PSR

299.
300.
300.

299.
300.

I R - R

Air aver-
age bulk
tempera-
ture,
T,

TABLE IHI.

- Concluded.

EXPERIMENTAL AND COMPUTED DATA

(d) Helical-vane-insert pitch to tube diameter ratio, 6,36

(d-1) Pressure-loss and heat-transfer data.

Reynolds num-
ber at center
station,

Rey csr
dimensionless

Stanton- Prandtl
number at cen-
ter station,

h,cs’
dimensionless

2, 18x10%
1.94
175
1.48
115

9.23x10%
6.79
4,79
1. 22x10%
113

9. 99x10%
8. 44
6.65
5.21
3.67

2, 26x1073

2.33

2.47

2.77

static- | Overall static | Maximum | Frictlonal | Friction fac- | Reynolds num- | Air bulk | Net beat |Inner wall | Hoat: (ransfer
pressure | pressure loss, | helical ve- | pressure tor, ber for friction, |tempera- | flux, | average |coofficient at
at ilet tap, sP,, locity at loss, s Rey, ture at Q tempera- |center station,
" N/m? outlet tap, | APy, |dimensionless | dimensionless | center w/m? | tureat [
N/m Vi e N/m station, center w2
m/sec Tegr station,
K T\V, cs®
3
2.517x10% | 3. 088x10* Liox10? | 2.476x10% | 184x10°2 2, 18x10% 305.6 | 3.40x10%| 352.3 8. 19x102
2.311 2.868 1.20 2,303 1.88 194 3122 |3.28 360, 4 .44
2.116 2.648 120 2,129 193 1.76 313.1 | 3.09 362.8 6.75
1.831 2,276 118 1.823 1.98 1.48 3157 | 2.94 368.9 5.96
1.536 1.718 110 1.396 2.09 115 317.7 | 2.47 373.3 474
1,370 1.325 1.00 1.087 2.20 9.24 3212 |2.29 380.3 4,07
1.205 8.14x10° | s.o5x10! |6 502x10% | 2,34 6.79 319.5 | 1.69 376.6 3.05
1.109 4.634 6.00 4.044 2,51 4.79 322.1 | 1Lz1 375.0 2.34
1.568 1816x10% | 1 1ax10% | Loarsxa0t| 201 1. 22x10% 317.4 | 2.33 370.7 4.10
1.478 1.585 1.06 1.294 2.06 113 309.1 |2.26 364, 1 4.36
1.393 1359 101 1112 2.08 9. 99x10* 312.6 | 2.22 369. 3 4.13
1.299 1.093 9.21x101 | 9.079%10% | 2.20 B.44 3152 | 1.99 373.8 3.54
1.193 7.461x10% | 7,67 6.320 2,32 6.65 3131 | 166 372.7 2.86
1138 5.326 6.51 4,558 2.45 5.28 318.9 | 1.48 380.4 2.46
1.079 2.926 4.73 2.569 2.69 3.67 320.8 | 1.05 376.7 190
1.048 1.643 3.44 1. 461 2,97 2.50 3225 | 7.91:103] 3779 1.44
1141 5. 374 6.61 4.118 2.35 5,54 316.5 | L11x10%| 362.4 2.49
L7 4.475 6.03 3.831 2,41 4.90 318.9 | Los 367.8 2.27
1.085 3.749 5.53 3. 288 2.48 4.33 3218 | 1.08 375.4 2,06
1.076 2,907 4.80 2,564 2.60 3.73 3206 | 101 376. 2 1.84
1.054 1945 3.86 1.720 2.8 2.88 3247 | 8.63+10% 380.7 1.55
1.040 1.336 312 1194 2.99 2.30 3257 | 6.99 379.5 1.31
(d-2) Adiabatic pressure-loss data.
[Air mass | Air intet | Air aver- | Static- | Overall static | Maximum | Frictional | Friction fac- | Reynolds num-
flow rate, |bulk tem- | age bulk | pressure |pressure loss, |helical ve- | pressure tor, ber for friction,
m, perature, |tempera- | at inlet tap, ap,, focity at loss, i Rey,
kg, sec T, ture, - N/m? outlet tap, | APy y, |dimensionless | dimensionless
T, N/m Vi, w N/m?
K m/sec
8.39x1072 | 295.8 205.2 | 2.314x10% | 2.783x10% 1. 14x10% | 2. 448x10% | 1901072 2, 15%10°
7.58 297.0 206.3 | 2.103 2.553 114 2,248 194 1.93
6.67 207.2 206.6 | 1.878 2,266 112 2,003 1.99 1.70
6.06 208.2 207.6 | 1.736 2.049 1.04 1.816 2.02 1.54
5.48 299.0 208.5 | 1.624 1.839 1.06 1. 646 2.08 1.39
4.78 209. 2 208.7 | 1.484 1.544 Lot 1.397 2. 14 121
3.93 209.7 209.4 | 1.334 1. 169 g.07x10! | 1,017 2.21 9.93v10%
3.04 298. 1 208.0 | 1.212 7.939x10° | 7.52 7. 496x10% | 2.37 7.72
1.80 298.0 208.0 | 1.081 3. 280 4.81 3.202 2.61 .58
.84 296.0 295,56 | 1,463 1. 517x10% Lo2x10® | 1.36710% | 2.03 1.2av10°
4,36 296.9 2065 | 1.384 1.310 9.68x100 | 1.192 2.07 111
3.7 296.9 206.7 | 1.293 1.070 5.86 9.883x10% | 2.15 9. 61x10%
3.44 208.1 2079 | 1,249 9.207x10% | 8.30 8. 586 2.18 8.12
3.10 298.0 207.8 | 1.206 7.865 7.69 7.405 2,24 7.87
2.68 298.7 208.6 | 1159 6.212 6.86 5. 920 231 .79
221 299.6 209.6 | 1113 4.510 5.81 4.355 2. 42 5.57
197 300, 1 300.1 | 1094 3.727 5.26 3.622 2,48 4,98
1.70 2998 209.8 | 1.072 2,883 4.57 2.820 2.57 .28
123 209.7 200.7 | 1,042 1.665 3.38 1.645 2.78 311
2.20 201.4 2014 | 1.106 4.262 5.65 4119 2.36 5.68
1.96 2925 2025 | 1.089 3.516 5. 10 3.420 243 5.05
1.70 292.9 292.9 1.072 2.771 4. 49 2.712 2.51 4,38
1.56 203.3 293.3 | Los7 2.386 .15 2.342 2.56 4.00
1.39 293.3 203.3 | 1048 1.976 3.73 1.946 2.64 4.58
1.20 293.6 203.6 | 1.036 1.528 3.25 1511 2.72 3.09
9.90x1073 | 203.8 203.8 | 1.028 1. 106 2.69 1.097 2.90 2.54
8.84 204.1 2941 | 1.024 9.104x102 | 2,41 9.137x102 | 3.01 2.27
7.69 204, 4 2044 | 1.020 7.281 2. 10 7.248 314 1.97
5,38 204.8 204.8 | 1013 3.976 148 3,967 3.49 138
5.50 298, 2 206.2 | 1.013 4.100 1.52 14,000 3.48 1.40
4.91 296.5 206.5 | 1.013 3.355 135 3.348 3.52 1.25
4.24 296. 9 20,9 | 1011 2,733 117 2,729 3.83 1.08
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TABLE IV. - PHYSICAL DIMENSIONS OF INSERTS SIMILAR TO THE HELICAL VANE

Type of insert

Helical vane with-
out centerbody
Wire-wrapped plug

Wire-wrapped plug

Insert pitch
to tube di-
ameter,

Y/D,,

1.75

2.915
2.720

Pitch
Average, | Standard
cm deviation,
percent
3.83 2.0
6. 44 2.65
6.01 24.5

Average,
cm

1.33
1.91

Centerbody diameter

Standard
deviation,
percent

1.50
.09

NASA-Langley, 1970 — 1

Vane thickness or
wire diameter

Average,
cm

0. 066

.451
. 163

Standard
deviation,
percent

0.19

.09
.04

E-5743
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